As an emerging technology, membrane gas absorption (MGA) contactors for carbon dioxide (CO 2 ) capture exhibit great advantages compared to conventional chemical CO 2 absorption processes. However, the decline in membrane flux, caused by the membrane's wetting, is a serious technical problem. In this study, to better understand the wetting mechanism of a polyvinylidene fluoride (PVDF) hollow fiber membrane in an immersed membrane contactor for CO 2 capture, a 30 day operation of CO 2 absorption was conducted, in which, 2 M monoethanolamine (MEA) solution and deionized water were used as the absorbents. The results showed that the presence of MEA in the absorbent solution aggravated the wetting phenomenon, thus significantly decreasing the membrane flux and membrane hydrophobicity.
Introduction
Global warming is caused by greenhouse gas emissions, and has received increased attention in recent years. Carbon dioxide (CO 2 ) is considered as a major greenhouse gas, and research on its emission control and reduction has received a great deal of attention. Among several global anthropogenic emission sources, more than one-third of CO 2 emissions come from the combustion of fossil fuels in power plants. 1 According to the prediction of the International Energy Agency, fossil fuels will remain the dominant component of the world energy consumption until 2030. 2 In the next few decades, the use of fossil fuels will continue to increase, and so will CO 2 emissions. Therefore, the development of a separation process is urgently needed to remove and recover CO 2 from coal-red ue gas. The control of CO 2 emissions from coal-red ue gas is of great signicance in the emission reduction of greenhouse gases.
Membrane gas absorption (MGA) technology is a new hybrid technology, which combines membrane separation and chemical absorption. Qi and Clussler 3, 4 were the pioneers to use microporous polypropylene (PP) membranes for the absorption of CO 2 in NaOH solution. Different from the conventional chemical absorption, the MGA process integrates the advantages of membrane technology (high surface area per volume, modularity and compact structure) and chemical absorption (high selectivity). The operational exibility of the MGA processes, such as independent gas and liquid ows, helps avoid problems that are oen encountered in conventional absorption processes, such as ooding, foaming, entrainment, and channeling.
well-dened contact area per equipment volume, which is 4-30 times more than that of the conventional absorption columns. For the same processing liquid and gas ow rates, the absorption rate of CO 2 using a membrane was 4-6 times higher than that of the conventional chemical absorption. 12, 13 However, aer longterm operation, membrane wetting occurs, which signicantly decreases the efficiency of a membrane contactor.
14-20 For example, when a PP hollow ber membrane was used in an MGA contactor with diethanolamine (DEA) solution as the absorbent, the CO 2 absorption rates in the non-wetted mode were six times higher than those in the wetted mode.
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Although polytetrauoroethylene (PTFE) membrane possesses excellent resistance to wetting during MGA processes, it is too expensive to be widely applied. 21 As the frequently-used hydrophobic membranes for the MGA processes, PP and polyvinylidene uoride (PVDF) membranes were also wetted by the alkanolamine absorbents aer a long-term exposure. A previous research has proved that the wetting resistance of the ordinary PVDF membrane was not as good as the PP membrane, whereas the CO 2 ux of PVDF membrane was 13% higher than that of the PP membrane aer 30 days of the operation. 22 Furthermore, other properties of PVDF membranes are superior to PP membranes. For instance, the mechanical strength of PVDF membrane is higher than that of the PP membrane. Additionally, since PP membrane is usually produced by the stretching method, the relatively low porosity of PP membrane restricts a signicant increase in the absorption ux. As a result, the main advantage of the microporous hollow ber membrane, which has a high area-to-volume ratio, cannot by fully exerted. By contrast, the PVDF membrane is fabricated by the phase inversion method, which can obtain a higher porosity of membrane than the PP membrane. The porosity of different membranes reported in previous studies is summarized in Table 1 .
Some studies have shown that the increase in the hydrophobicity of PVDF membrane can signicantly increase its wetting resistance, and the improvement in its preparation method was one of the important means to increase the membrane hydrophobicity. [24] [25] [26] [27] Thereby, understanding the wetting mechanism of PVDF membrane is very important for improving the preparation of superhydrophobic membranes and selecting the appropriate absorption liquid. However, previous reports on the membrane wetting mechanism mainly focused on PP membranes, whereas their ndings seem to be contradictory. Wang et al. 23 attributed the PP membrane wetting to the chemical reaction between the PP membrane and DEA solution. Lv and Mahmud et al. [28] [29] [30] found that absorbent molecules diffused into the PP polymers during the long-term exposure, thereby swelling the membranes. By contrast, the wetting mechanism of PVDF membrane is still unknown, and the relevant research is scarce. As the preparation methods, and materials of PP and PVDF membranes are different, the wetting mechanisms for PVDF and PP membranes are not conrmed to be identical. Therefore, a systematic investigation of the wetting mechanism of PVDF membrane is needed to ll the gaps in literature. The current study attempts to explore the wetting mechanism of PVDF membrane in alkanolamine absorbents, which are widely used for CO 2 capture in MGA processes. For the test experiment, 2 M monoethanolamine (MEA) was used as the absorbent, while deionized water was used as the absorbent in the control experiment. The membrane ux and contact angles over 30 days of operation were analyzed to discuss the effect of MEA molecules on the wetting of PVDF membrane. Evidence of possible interaction between the MEA molecules and PVDF membrane was examined by X-ray photoelectron spectroscopy (XPS) and attenuated total reection-infrared spectroscopy (ATR-IR). Moreover, membrane morphologies and mechanical breaking strengths of PVDF membranes before and aer the wetting were also analyzed to further discuss the membrane wetting mechanism.
Experimental

Materials
The PVDF hollow ber membranes used in the experiment were provided by the Institute of Biological and Chemical Engineering, Tianjin Polytechnic University, China. Various parameters of the PVDF membrane module used in the membrane contactor are listed in Table 2 . Commercial N 2 and CO 2 gas cylinders (purity >99%, Tianjin Wanxin Gas Co., Ltd., China) were used. MEA with 99.5% purity (Tianjin Guangfu Chemical Co., Ltd., China) was dissolved in deionized water to prepare 2 M absorbent solution.
CO 2 absorption experiment
To investigate the wetting performance of the PVDF membrane, 30 day experiments of CO 2 absorption were performed. Test and control experiments were conducted, to analyze the inuence of MEA molecules on the wetting behavior of PVDF membrane in the MGA system with MEA used as the liquid absorbent. In the test experiment, 2 M MEA aqueous solution was used as the absorbent. In the control experiment, deionized water was used as the absorbent. The schematic of the experimental setup is shown in Fig. 1 . The PVDF membrane module was immersed in a membrane contactor, which contained 3 L solution. A magnetic stirrer at the bottom of the contactor was used to stir the solution. The N 2 /CO 2 mixture with a volumetric ratio of 85/ 15 was used as the simulated ue gas and passed through the tube-side of the hollow ber membranes. The gas ow rate was 55 L h
À1
. The compositions of the inlet and outlet gas streams were analyzed using a ue gas analyzer (Testo350XL, Germany). The fresh absorbent entered the membrane contactor from the lean storage tank at a ow rate of 1.5 L h À1 . The effluent of the membrane contactor (termed hereaer as the rich solution) was transferred to the rich storage tank. Aer thirty days of operation, several PVDF hollow bers were taken out of the membrane contactor. These bers were washed several times with deionized water, and then dried at 40 C for 10 h under vacuum for further analysis (contact angle, XPS, ATR-IR and FE-SEM).
23,28
Membrane immersion test
In order to determine whether the hydrophobic components of the PVDF membrane were lost due to the physical dissolution aer long-term exposure to MEA solution, ve pieces of new PVDF hollow bers were immersed in pure MEA for thirty days. At the end of the immersion, these membrane bers were taken out, and the socked solution was analyzed using ATR-IR. At the same time, pure MEA was also analyzed using ATR-IR. It should be noted that, in this immersion test, pure MEA was used instead of 2 M MEA solution, because the infrared spectrum of aqueous MEA solution would be seriously interfered by the water peak.
Membrane characterization 2.4.1 Field emission scanning electron microscope (FE-SEM).
The surface morphology of the outer surface and cross section of the PVDF membrane before and aer the wetting were observed using a Nanosem430 Field Emission Scanning Electron Microscope (FE-SEM, FEI Corp., USA). Notably, to obtain the native cross-sectional structure of the membrane bers, dry PVDF hollow ber membranes were fractured in liquid nitrogen and dried again at 40 C in a vacuum oven for 10 h before analysis.
Contact angle.
Static contact angle of the PVDF hollow bers was measured at 25 C using a YH-168 contact angle measuring instrument (Hake Corp., China). The water droplet was placed on the sample's outer surface, and aer placing markers around the perimeter of the water droplet, the contact angles as well as the droplet volume were calculated by using the equipment soware. To minimize the experimental error, each membrane sample was measured at least ve times at different sites.
X-ray photoelectron spectroscopy (XPS)
. XPS measurements were performed using a K-Alpha spectrometer (Thermo Fisher Corp., UK) equipped with an Al Ka X-ray source at a pass energy of 50 eV and a constant dwelling time of 200 ms. The energy step size was 0.100 eV.
Attenuated total reection-infrared spectroscopy (ATR-IR)
. ATR-IR analysis of the PVDF membranes was conducted using a TENSOR37 FTIR spectrophotometer (Bruker Corp., Germany). Chemical compositions of the membrane surface before and aer the contact with 2 M MEA solution were analyzed. A small piece of the membrane was pressed against an ATR crystal, and the spectra were recorded in the wave numbers' range of 400-4000 cm À1 . In contrast, pure MEA before and aer soaking the PVDF membranes was also analyzed to determine whether hydrophobic components of the membrane had dissolved in MEA or not. 2.4.5 Mechanical strength. The mechanical strength of the membrane bers was determined using a LLY06E Single Fiber Electronic Tensile Strength Tester (DianYi Corp., China). The purpose of this test was to determine the effect of long exposure of membrane bers to MEA solution on their strength. A 10 mm-long PVDF membrane ber was bidirectionally stretched as the clamps moved apart from each other at a speed of 20 mm min
À1
. Three replicates were done to ensure the accuracy of the measurements.
Results and discussion
CO 2 absorption performance during long-term operation
The membrane ux of CO 2 absorption during thirty days of operation was analyzed, and the results are shown in Fig. 2 . For convenience, the PVDF membrane used in the test experiment was named as the test membrane, and the PVDF membrane used in the control experiment was named as the control membrane. Aer thirty days of operation, the membrane ux of both the membranes decreased. The membrane ux of the test membrane and control membrane decreased by 54.5 and 36%, respectively. The experimental results indicated that even though water molecules can wet the PVDF membrane, the presence of MEA signicantly intensied the degree of membrane wetting. Fig. 3 . The images of the water-drops on the membrane surface are also shown. Fig. 3 suggested that the hydrophobicity of the PVDF membrane decreased as it was wetted by the absorbent. The value of the contact angle of the test membrane decreased from 103.2 to 80.7 aer thirty days of operation (a decline of 21.8%).
The contact angle of the membrane, wetted by deionized water in the control experiment, decreased by 14.3%. These results implied that the decrease in the membrane's hydrophobicity may be the basic reason for membrane's wetting in the MGA system. The difference in the membrane hydrophobicity for both the absorption systems further demonstrated that the presence of MEA signicantly increased the loss of degree of hydrophobicity of PVDF membrane. However, the reason for loss in the degree of hydrophobicity still need to be analyzed.
Analysis of wetting mechanism of the PVDF membrane aer long-term exposure to MEA solution
To further determine whether chemical reaction or physical dissolution occurred for the wetted membrane by the MEA solution, both the new (fresh) PVDF membrane and the membrane exposed to the MEA absorbent for thirty days were analyzed using XPS and FTIR analyses techniques. XPS measurements were performed for both the new PVDF membrane and the membrane used in the test experiment. The spectrum of new PVDF membrane ts well with typical peaks at the binding energies of 284.6 and 290.1 eV, assigned to C-H and C-F bonds, respectively. Furthermore, when the membrane bers were exposed to MEA solution for thirty days in the test experiment (as shown in Fig. 4(b) ), two new peaks appeared. The peaks at the binding energies of 285.7 and 287.9 eV were assigned to C-N and O-C]O bonds, respectively. Some researchers also discovered C-N bond using XPS, as they studied the wetting mechanism of the PP membrane. Wang et al. 18 and Sedghi et al. 31 have insisted that chemical reactions occurred between the PP membrane and DEA absorbent, forming the C-N bond. However, the experimental results from Lv et al. 28 suggested that the presence of C-N bond was attributed to the diffusion of absorbent molecules into the PP polymer (membrane swelling). Actually, all of the above possibilities may happen. The C-N and O-C]O bonds found on the membrane surface region might be the new groups formed due to chemical reaction between the PVDF and MEA, or these might be the result of membrane swelling. As the membrane swelling occurred, the MEA molecules and their carbonate products could penetrate the membrane matrix, which cannot be removed completely by the pretreatment before the XPS analysis. Therefore, the presence of C-N and O-C]O bonds may also be derived from the residual MEA and its carbonate products in the membrane matrix. The existence of chemical reactions or physical swelling cannot be conrmed merely based on the presence of C-N and O-C]O bonds on the membrane surface region, and therefore, further research is needed in this regard. Fig. 5 showed the ATR-IR spectra of the new membrane and the membrane wetted by the MEA solution. Compared to the new membrane, two absorption peaks at ca. 3382.5 and 1601.4 cm À1 appeared for the wetted membrane used in the MEA absorption test (Fig. 5 ). These two peaks were attributed to the aggregation of polyhydroxy compounds and the bending vibration of NH 2 groups, respectively. These two peaks coincided with the main typical peaks of MEA molecule. 28, 32, 33 The results demonstrated that MEA molecules have diffused into the cross-linked network of PVDF polymer when the PVDF membrane was wetted by the MEA absorbent. The pretreatment process before the ATR-IR analysis can only remove MEA molecules from membrane pores instead of cross-linked network of the PVDF polymer. In other words, the presence of MEA molecules in the PVDF membrane matrix should be the result of membrane swelling, which further supported the results that the C-N and O-C]O bonds, found in the XPS analysis, were derived from the residual MEA and its carbonate products in the membrane matrix. Therefore, it can be concluded that no chemical reaction occurred for the membrane wetted by MEA, instead the process of membrane swelling took place during the absorption process.
Meanwhile, the ATR-IR spectra of pure MEA before and aer soaking the new PVDF membrane for thirty days were also shown in Fig. 5 . Obviously, the ATR-IR spectrum of pure MEA aer soaking the PVDF membrane had no relevant typical peaks of PVDF. This result demonstrates that PVDF materials do not dissolve in MEA solution. Consequently, the hydrophobic components of the PVDF membrane were not lost, as the membrane was wetted by the MEA solution. The decline in the hydrophobicity of the wetted membrane was the result of membrane swelling. Aer the membrane swelling occurred, both the water and MEA molecules intruded into the crosslinked network of the PVDF polymer. The intrusion of the polar molecules leads to the increase in the surface energy of PVDF membrane, which caused a decline in the hydrophobicity of the membrane. Moreover, since the polarity of MEA is higher than that of the water molecule, a bigger decrease in the membrane's hydrophobicity was observed for the membrane wetted by MEA. Fig. 6 shows the outer surface and cross-sectional images of the PVDF membranes aer thirty days of operation. Because the PVDF membrane was prepared via the wet-phase inversion method, the pore structure of the new membrane surface could not be seen clearly (Fig. 6(a1) ). Compared to the new membrane, a small amount of macro-pores appeared on the membrane's surface in the control experiment aer long-term operation (Fig. 6(b1) ). However, a large number of macro-pores with irregular shapes emerged on the membrane's surface in the MEA absorption test (Fig. 6(c1) ). These changes were the result of liquid intrusion into the membrane pores. Kamo et al. 34 observed a similar phenomenon on the polyethylene membrane surface aer contact with various organic solvents. The authors 34 proposed that, when the liquid intruded into certain membrane pores, the brils separating large pores from neighbouring smaller pores were displaced in a manner that caused the latter pores to decrease in size and possibly close completely. Thus, the larger pores became larger and the smaller pores became smaller. The images in Fig. 6 (a2, b2, and c2) further conrmed that the change in membrane's surface morphology was caused by the liquid intrusion into membrane pores, because the nger-like structure of the wetted membranes enlarged in scale, while their side walls became thinner than that of the new membrane. Obviously, more serious liquid intrusion (see Fig. 6(c2) ) led to a more signicant change in membrane's surface morphology (see Fig. 6(c1) ). Meanwhile, more serious liquid intrusion also reected more serious membrane wetting. Fig. 6 (a3, b3, and c3) showed a marked thickening of the membrane walls of the hollow bres, as they were wetted by the liquid absorbent. Furthermore, a thicker membrane wall for the test membrane was also observed compared to that of the control membrane (Fig. 6(b3 and c3) ). From another aspect, this proved the occurrence of membrane swelling for the wetted membrane because the volume expansion is an important mark of swelling. 35, 36 It has been reported that many polymers swelled aer long-term immersion in some ionic liquids or organic solutions. 37, 38 Therefore, based on the XPS, ATR-IR and FE-SEM analyses, it can be conrmed that the membrane swelling is the real reason for membrane wetting aer long-term operation. Stronger affinity of MEA molecules to PVDF material and their higher molecular polarity than water molecules resulted in more severe membrane swelling, which led to more serious membrane wetting in the test experiment.
The values in Table 3 show the change in mechanical strength as the PVDF membrane was wetted by the MEA aqueous solution and deionized water. Compared with the new membrane, a decrease in the elongation and increase in the breaking strength were found for both the wetted membranes, and this change was found more signicant for the membrane wetted by the MEA solution than that by the deionized water. The results of Table 2 further conrmed the occurrence of membrane swelling and also indicated more severe swelling in the PVDF-MEA aqueous solution system than that in the PVDFdeionized water system.
Conclusions
The experimental studies on the CO 2 absorption using 2 M MEA as the absorbent were conducted in an immersed PVDF hollow ber membrane contactor for thirty days. A control experiment using deionized water as the absorbent (instead of MEA) was also conducted to compare the effect of MEA molecules on the PVDF membrane's wetting. The results indicated that the presence of MEA molecules in the absorbent signicantly increased the degree of wetting of PVDF membrane, thus considerably decreasing the membrane ux and membrane hydrophobicity. The results from XPS and ATR-IR analyses indicated that as the membrane was wetted by the MEA liquid absorbent, neither the chemical reaction between the PVDF membrane and MEA molecules nor dissolution of the hydrophobic components of PVDF membrane into the MEA solution occurred. However, XPS and ATR-IR spectra of the wetted membrane demonstrated that MEA molecules had intruded into the cross-linked network of PVDF membrane matrix, which indicated that the membrane swelling had occurred. FE-SEM images further testied that the membrane swelling was responsible for the membrane wetting process. The surface energy of the PVDF membrane changed as the membrane swelling occurred, which led to the decline of membrane's hydrophobicity, thereby aggravating the membrane's wetting process. Since MEA molecules have stronger affinity to PVDF material and higher polarity than water molecules, more serious membrane swelling and membrane wetting occurred for the membrane wetted by the MEA absorbent than that by the deionized water.
